Purpose: Vehicle weight reduction represents a viable means of meeting tougher regulatory requirements designed to reduce fuel consumption and control greenhouse gas emissions.
INTRODUCTION
Traditionally, internal combustion engines (ICE), fuelled with fossil or alternative fuels that produce different levels of CO2 emissions, have propelled passenger vehicles. However, passenger vehicles currently faces a global challenge in terms of reducing environmental pollution and greenhouse gas emissions (GHG) (Lewis et al., 2014; Palencia et al., 2012) .
The US, Europe and other countries and regions have introduced stringent regulations to govern the sales and development of passenger vehicles with reduced vehicle mass and consequently, carbon dioxide (CO2) emissions (Elgowainy et al., 2010; Kim et al., 2010) . In response to these challenges, research into vehicle weight reduction (achieved via either component downsizing or materials substitution) has gained popularity for passenger transportation vehicle development (Karden, 2017) . For this research, materials substitution will be focused upon. Although conventional steel has a higher density than lightweight materials, it must still be used depending on the vehicle part and application (JimenezEspadafor et al., 2011; Ou et al., 2012) . In recent years, vehicle weight has increased due to safety requirements and luxury intent; this has had a concomitant impact upon energy efficiency and CO2 emissions (Patton et al., 2004 ).
An investigation conducted with 2010-2014 vehicle models in China concluded that 18 kg mass reduction improved fuel consumption by 0.07 L/100 km (Hao et al., 2016) . Other research illustrated that magnesium: i) is 33% lighter than aluminium and 75% lighter than steel or cast-iron components (Wenlong et al., 2016) ; ii) (in the case of high-purity alloys) has a superior corrosion resistance when compared to conventional aluminium die cast alloys (Zhang et al., 2017) ; and iii) has better manufacturability when compared to aluminium because solidification is faster due to lower latent heat, thus producing approximately 25-50% more castings per unit time (Subramanya et al., 2018) . Magnesium is the eighth most available element on earth and also composes about 2% of Earth's crust by weight. The corrosion resistance is also higher than traditional aluminium cast alloys. Magnesium also solidifies faster due to lower latent heat and hence, more castings can be produced than aluminium at a given time. Magnesium was formerly used by Volkswagen Group for their Beetle car, within the air-cooling engine house transmission. General Motors used magnesium in the cross-car beams or instrument panels on the 2012 Cadillac SLS with their quick plastic forming (QPF) technology. The QPF technology consisted of blowing hot forming to make high value automotive components. A lifecycle assessment of a magnesiumbuilt engine block (c.f. Tharumarajah and Koltun, 2007) illustrated its advantageous environmental performance in comparison to functionally equivalent blocks made from aluminium, conventional cast iron and compacted graphite iron. Furthermore, the replacement of an engine cylinder block, front cover and oil pan from conventional materials by die casting magnesium AZ91 caused a reduction of 7% on total engine weight (Dhingra and Das, 2014).
Numerous engineers have studied specialized alloys to reduce vehicle weight but traditionally, aluminium and cast iron have been used (Haselhuhn et al., 2017) . To date, research that focuses upon an assessment of lightweight materials to reduce vehicle weight remains scant. Consequently, this research paper aims to: i) review current best-practice technologies in manufacturing passenger vehicles using steel, aluminium and magnesium and report upon the effects of light weighting on fuel consumption and emissions; and ii) conduct a structural evaluation of the Wikispeed car in terms of bending stiffness, torsional stiffness, and crashworthiness. Concomitant objectives were to: assess the environmental impact reduction anticipated by utilising magnesium light-weighting; and provide pragmatic design recommendations to reduce the vehicle mass by lightweight material substitution.
WEIGHT REDUCTION USING LIGHTWEIGHT MATERIALS
The body structure presents the greatest opportunity to reduce vehicle weight with further reductions being made possible by downsizing other components such as the engine (Varney et al., 2017) . Vehicle mass reduction can occur in minor accumulative ways or over the entire vehicle re-design (Böhme and Frank, 2017; Li et al., 2017) . In order to contextualise the various approaches available, due consideration should first be given to: the classical technology types; and automobile industry plans.
Classical Technology Types
Classical weight reduction types include changing the materials used to design and build vehicles (Cumming, 1998) . Changes in material composition used for modern vehicle manufacture over the period 1950-2010 are illustrated in Figure 1 (Taub et al., 2007) . By the 1950s vehicle material manufacturing was made from low-carbon steel, which became greatly diversified to higher strength steels in the 1970's. Thereafter and post 2000, the usage of mixed materials aluminium and steel became dominant.
<Insert Figure 1 about here> Traditionally, high strength steel was used to develop auto-body parts because they have higher yield strength and failure strength than mild steel (Betancur et al., 2017; Li et al., 2003; Sternlund et al., 2017) . Using high strength steel as a sheet in any vehicle body part increases the absorbing energy of the component and also increases its resistance to plastic deformation (Dlugosch et al., 2017; Klassen et al., 1998) . High strength steel has low fabrication costs and is a cheaper raw material than aluminium and magnesium (Fridlyander et al., 2002; Hourmand et al., 2015) . More recently, car manufacturers have increasingly adopted aluminium to augment fuel economy and meet light weighting legislations despite its high cost (Sun et al., 2017) . Schbert et al. (2001) 
Rising Weight Reduction Technologies and Automobile Industry Plans
In recent years, vehicle manufacturers have issued a plethora of product development announcements to provide a clear indication of the various weight reduction technologies being researched (Attaran, 2017; Nikowitz, 2016) . Indeed, almost all manufacturers have produced a generic statement of intent on vehicle mass reduction, reduction of greenhouse emissions and a vision for future fuel economy (Isenstadt et al., 2016; Sarlioglu et al., 2017; Suh and Cho, 2017; Webb and Wilson, 2017) . For example, in 2014 Ford presented a sedan named 'Ford Fusion' and redesigned the suspension and powertrain parts with total mass reduction 24%. Ford also substituted traditional steel with aluminium on the brake rotors, doors, sills and front sub frame while magnesium was used in the transmission and front door castings (Pinamonti et al., 2017) . Ford also reiterated its intension to reduce its vehicles' weight by 250-70 pounds per model from 2015 to 2020 (Gur, Yuksel and Pan, Jian and Li, Wanlu and Wagner, 2016; Xue et al., 2016) . Toyota used material slicing technology to produce a lightweight car seats with a weight reduction of anywhere between 7kg to 25kg by reducing the car seat volume by 72%. Toyota also plan to reduce the overall weight of corolla by 30% (Jostins and Kendall, 2017; Onar et al., 2016) . Similarly, BMW introduced 'efficient lightweight' where every car manufactured uses: aluminium in the front and chassis; magnesium alloys for the engine and drivetrain; and carbon fibre for passenger cells (Henriksson and Johansen, 2016; Nikowitz, 2016) . Audi commercialized their concept of weight reduction by substituting aluminium in their vehicle bodies but limited their production to lower performing vehicles as compared to their luxury vehicles (Regensburger et al., 2015) . Other car manufacturers (such as General Motors, The Volkswagen Group (Audi, Skoda etc.) have not been as outspoken as Ford or Toyota, yet they have indicated achievable weight reduction targets to induce the commercialization of increased fuel economy (He, 2017) . The extant literature thus illustrates that automobile manufacturers use various different measures to improve a vehicle's environmental performance albeit, rarely release any detailed technical information to the general public (Hardwick and Outteridge, 2016; Lim, 2016; Rana and Singh, 2016) . Nevertheless, the academic discourse that automobile manufacturers are utilising weight reduction technology to develop innovative vehicle designs that reduce greenhouse gas emissions (Fragner et al., 2016) .
Automotive engineers refer mass-reduction of vehicle to 'weight creep', in which as the car size increases the mass automatically increases, where innovative material substitutions on the engine or smaller body parts of the car are common (Holmes, 2017; Jinturkar et al., 2017; Muthuraj et al., 2017) . Table 1 presents a componential analysis of mass reduction technologies applied to a car system and secondary parts -cross referenced to materials used and the manufacturer.
<Insert Table 1 et al., 2016) . Though the use of natural cellulose, the life cycle greenhouse gas emissions were reduced by 18.6% with powertrain resizing, and 7.2% without it. By using kenaf composite component, fuel energy consumption was reduced by 6.0%. Ehsani et al. (2016) proposed a new mechanical model for fuel consumption and CO2 for passenger car vehicles, and investigated three types of tolling parameters such as temperature, asphalt efficiency, and fuel efficiency.
At present, magnesium is primarily utilised in the die casting process and is a key material to replace steel (Tang, 2017) . Consequently, various studies have been undertaken to review the performance of magnesium components and/ or its impact upon the environmental. For example, Park and Kwon (2015) welded magnesium alloy to investigate the dashboard panel die to be applied for the warm die technology for vehicles. The thermal simulation performed proved that the temperature distribution could be controlled uniformly. Koulton et al., (2016) , performed a sensitivity analysis of a convertor housing using magnesium in the die-casting, trimming and finishing processes; their study (ibid) demonstrated that a reduction in total greenhouse gas emissions could be readily achieved. Kiani et al. (2014) conducted a structural optimization on the 1996 Dodge Neon car model, to develop a lightweight car design. The authors replaced 22 steel parts with magnesium AZ31 and the design optimization resulted in saving 46.7 kg of overall weight and an approximate mass reduction of 44.3% when compared to the initial steel design. These aforementioned examples, demonstrate the superior performance that magnesium offers as a substitute lightweight material in various (not all) applications.
MECHANICAL ANALYSIS AND DISCUSSION OF THE WIKISPEED CAR
To provide a case study example of vehicle light weighting that could reduce greenhouse gas emissions using magnesium substitution, an evaluation of the Wikispeed car is presented. The computer aided design (CAD) graphics for the Wikispeed car where downloaded from www.wikispeed.org and are available free of charge as an open source. The finite element analysis results are verified using hand calculations thus presenting a comparative analysis for the case study example. Hand calculations were made for three scenarios, namely i) bending stiffness, ii) body torsion, and iii) crashworthiness. Such calculations are comparatively crude (when compared to finite element analysis (FEA)) as they provide 'ball park' values that are subsequently used to determine whether the FEA results are reliable or not. The software 'ANSYS Static Structural' (version 14) was used as a simulation environment and provided finite elements to model the behaviour of any material applied to the presented three scenarios.
Research Approach
In this case study, FEA was performed to examine the Wikispeed chassis for light weighting opportunities with respect to: i) body bending the rockers (or longitudinal tubes); ii) body torsion -again the rockers but also the chassis as a whole; and iii) crash safety -mainly in the front crash structure. The iterative research approach used in this research paper is shown in Figure 3 and is divided into two phases, namely; i) hand calculations; and FEA. The combination of both analysis results were used to develop the virtual model created using FEM tools and the model was updated based on the correlation process. Table 2 considers the implications on chassis mass and cost of directly substituting Aluminium Alloy 6061-T651 with the two alternative materials, without making any potentially necessary structural design modifications.
<Insert Table 2 
about here>
Bending stiffness of the car FEA was carried out on one of the four identical rocker beams (refer to Figure 5 ) going through the car; it was found that with aluminium rockers, the maximum bending moment before reaching the plastic limit is 8.27kNm per rocker. The same calculations made with steel and magnesium revealed an increase in the strength of the beam by 286% and a cost reduction of 33.5% albeit, the weight increased by 289% -formulae used to calculate these values are reproduced in Appendix 1: Bending Formulae.
<Insert Figure 5 about here> Magnesium presents an alternative choice because it is the lightest of the three materials and only 64.1% of the weight of aluminium and 22.2% of steel. The reduced weight comes at a price because magnesium is 37.4% weaker than aluminium and 78.1% weaker than steel although the price is roughly the same as aluminium (refer to Table 3 ).
<Insert Table 3 about here> From the results, it can be calculated that with a wheel-base of 2,540 mm and the beam made from steel it is possible to load the beam with around 18.6kN without it failing. With the beam been made from aluminium or magnesium, it would be possible to load the beam with around 6.5 kN and 4.1 kN respectively if the load is placed midway between the wheels. The bending moment and shear force diagrams for 100% structural steel are shown in Figure 6 . It can be seen that the maximum shear force is 21,620 N.
<Insert Figure 6 about here> As the rockers have been made from a square tube have, the width-to-thickness (b/t) ratio of 33.9 meaning that the beam will fail in yielding and not buckling. The desired structural resonance frequency should be in the region of 22-25 Hz. Calculations made to determine the body stiffness to reach a structural resonance frequency of 25 Hz. The measured mass of the chassis in ANSYS software was 425 kg, and by using the density of the steel and magnesium the weight saving from steel to magnesium is 125 kg but there is a lower stiffness using magnesium (refer to Table 4 ). This difference can be removed by changing the simple design of the cross section of the beam and adding a stiffening plate that is often incorporated in most car bodies.
<Insert Table 4 about here> Therefore, evaluating the results from the bending stiffness of the car chassis, the material should be changed from aluminium to magnesium because the hand calculation matches the FEA presented in this research. Magnesium will also save 3 kg weight per beam which is 12 kg on the whole chassis for the same material price per beam. This recommendation must be assessed via torsion and body crash analysis to measure its effect upon the overall engineering performance of to the Wikispeed car. The limitation of this simulated analysis presented, is that it only takes one of the rockers into consideration. This can be positive, as it is possible to load the car with twice the load however, the calculation presented provides a rough guide only as it was based upon a single point load in the centre between the wheels. In real life, there would be more than one loading point and these would not be exactly positioned midway between the wheels. Furthermore, this estimate does not include the load for the engine, luggage, steering controls along with other equipment mounted in the car. One of the issues with the Wikispeed car is their choice of profile for the rockers; with the b/t ratio of 34, the rockers are going to fail by yielding and not by buckling.
Torsional stiffness of the car
Akin to bending, a rocker manufactured from steel has the least amount of angular twist when 500 Nm torque is applied to the one end (refer to Table 5 ). More specifically the rocker twist at 5.92 is less when made from steel instead of aluminium, which is a reduction of 66.4%.
Whereas a rocker made from magnesium instead of aluminium incurs a 62.5% increase in twist, which is a further 5.57 twist in the magnesium beam. When the torque of 500 Nm is applied, the shear stress in the beam is 70.43 MPa. All the formulae used for calculations from this section can be found in Appendix 2: Torsion formulae.
<Insert Table 5 about here> An examination of energy in the rocker and hinge pillar while twisted reveals that the energy going into the rocker was greater than the energy going into the hinge pillar. This means that the rocker is the area to optimize in order to maximize the torsional stiffness. The initial calculations reveal that from a design for torsion stance, steel would be the most suitable material. However, although this may be true, and steel is by far the cheapest of the three materials investigated, it also has the highest density and this weight implication would negatively impact fuel economy. As high fuel economy is a key design criterion for the vehicle, the degree to which torsional performance compromise can be made in favour of reducing weight, should be the main consideration. Hence, a compromise between magnesium and aluminium should be considered and consideration given to whether a weight saving of 43% justifies having a beam with half the torsional performance, 8.91° for aluminium vs 14.48° for magnesium - Figure 7 illustrates that the most deformation occurs at the top frame. 10 <Insert Figure 7 about here> Caution should be taken when examining results because aluminium seems stronger than steel and in most cases, that would not be the reality. The reason for this enigmatic finding is that the calculations are based on a worst-case scenario where the used material properties used the weakest aluminium which is stronger than the weakest steel. Had the calculations been on a best-case principle, this finding would have been reversed. Reverting back to the b/t ratio, by choosing a ratio above 60 could potentially increase the stiffness of the rockers while reducing the weight. Interestingly, an examination of joint efficiency reveals that the lowest efficiency is found using steel with 43% while using aluminium or magnesium is much higher at 68.93% and 77.42% respectively which means the joint is more rigid and more of the beam stiffness is utilized. The torsional stiffness has also been evaluated based on the geometry of the car. This showed a fairly rigid car with a respectable 12,879.8 Nm/deg which is attributable to the incorporation of a roof that increases the stiffness of the body.
Crashworthiness
The four identical rockers used in the Wikispeed car have been evaluated for the load they can withstand before they yield in a crash. From these results, an average has been built for the evaluation. Manufacturing rockers from steel gives the highest yield strength at a massive 329.73kN per beam. While the aluminium rocker yields at 93.9kN lower than steel -a reduction of 28.4% and a magnesium rocker would be the first to yield at 90.57kN -a reduction of 61.6% compared to aluminium and 73.8% compared to steel. These results have been found using the critical buckling stress (refer to Table 6 ). All the formulae used for the calculations from this section can be found in Appendix 3: Crashworthiness.
<Insert Table 6 about here> These aforementioned findings mean that during a head-on collision, the four rockers are able to withstand 137 G before they are going to yield if they are made from aluminium, 191 G if made steel and 52 G if made from magnesium. Another method to evaluate the crush strength of the rockers is to use the yield strength of the material used as seen in Table 7 . With this method the aluminium rocker is the strongest and is able to withstand 129.64 kN, which is 11.42 kN ˃ steel and 68.21 kN ˃ magnesium, or 9.6% ˃ steel and 111.0% ˃ magnesium.
<Insert Table 7 about here> When evaluating the crush efficiency, the eligible crush distance was taken from the front bumper to the fire-wall or where the rockers begin. Other parameters (refer to Table 8) revealed a crush efficiency of 126.72%, which means that for the car to be able to stop within the eligible crush distance it cannot exceed a maximum deceleration of 28 m/s 2 . A 26.72%
longer crush zone would be needed for it to be able to do so, although this is not the only issue. The way that the crash beams have been orientated means that they are not going to buckle or yield but rather collapse. However, the cross bar needs to be orientated in this way to distribute the load between both sides. The reasons for this configuration in design (which is unlike most car manufacturing designs) could be because the thickness of the beams might
give it the needed rigidity to act as a good crash structure. The results suggest that the Wikispeed car is stronger than needed, so with magnesium being the same price as aluminium but with a 36% weight reduction, it seems to be the obvious choice. Nevertheless, the price calculated is from the price per kg and does not account for any possible extra manufacturing costs. Furthermore, the torsional stiffness is 62.5% lower than aluminium, this could suggest you need internal stiffeners or ribs in the beams, which would make them more expensive to manufacture and thereby reduce the weight saving.
FUTURE RECOMMENDATIONS
In terms of strength, the Wikispeed rocker needs to withstand larger dynamic forces other than just the static loading. Bending stiffness requirements are established to allow a bending resonance within the desired 22-25 Hz range, at which the car will feel most comfortable and should not shake while driving and loaded. For torsional stiffness, the calculated values for steel and aluminium were way below the widely established value of 12,879.8 Nm/deg, which means that the customer would experience poor handling capabilities, from relative deformations. The crash safety results suggest that front crash structure is too weak, and that the car would only be deemed safe if the structure achieved a safety factor of 0.93 in its current set up -where all the beams are horizontal to the front of the car. Therefore, further investigation into the car's design should be undertaken. For example, if designed with a high b/t ratio, then the stiffness would be increased and possible weight and cost might be lower due to lower required thickness. Other recommendations worthy of further research are to:
 add braces or a lattice structure to the vehicle's chassis to account for reduction of torsional performance due to material change;
 conduct further analytical calculations, as well as numerical simulations, to gain further insight into the vehicle's mechanical performance;
 establish how the bodywork affects both body stiffness and crashworthiness and use the findings to optimise; and  refinement and development for the design of the magnesium chassis and addition of crash structures to the fibre reinforced composite bodywork.
CONCLUSIONS
Automotive materials play an important part in vehicle performance and fuel consumption.
This assessment concludes that car body light weighting can significantly improve fuel efficiency and thus, reduce CO2 emissions. Due to the tougher EU legislations being introduced on reducing CO2 emissions, automotive manufacturers are increasingly applying light weight as a technological solution to obtain desirable improvements. Vehicle mass reduction can be obtained through downsizing, but also through substitution of the traditional automotive materials by lightweight materials such as magnesium. Although aluminium alloy application has gained prominence, magnesium proves to be a promising contender to meet future demands of passenger vehicles. With the key design criteria of the Wikispeed being high fuel economy, the potential benefits highlighted in this paper from substituting aluminium alloy 6061-T651 for magnesium EN-MB10020 are noteworthy. The ability to improve the fuel economy by 10% and reduce the production cost at the same time is useful information for any designer to be presented with, especially those in the open-source crowdfunded domain. However, as discussed above, this material change will have mechanical performance implications which will need to be addressed, in particular adapting the design to improve torsional performance. It is therefore advisable for designers to consider changing the material of the chassis to magnesium EN-MB10020 while implementing braces; although this will add more material to the vehicle it will be compensated for in the large reduction in (Taub et al., 2007) . 
